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INTRODUCTION 

Since  t h e  development of the  l a s e r  s e v e r a l  workers have used i t s  unique 
c h a r a c t e r i s t i c s  t o  s tudy  t h e  p y r o l y s i s  of c o a l  (1-11). The use of a focused l a s e r  
beam t o  pyro lyze  o r g a n i c  m a t e r i a l s  o f f e r s  t h r e e  advantages.  The h igh  degree  of 
l o c a l i z a t i o n  of s u r f a c e  h e a t i n g  a l lows  t h e  s e l e c t i v e  p y r o l y s i s  of micro components 
i n  a heterogeneous m a t e r i a l  such  a s  t h e  macera ls  i n  coa l .  The s p e c i e s  r e s u l t i n g  
from l a s e r  h e a t i n g  a r e  emi t ted  from the  hea ted  s o l i d  s u r f a c e  w i t h  a minimum of 
i n t e r a c t i o n  w i t h  t h e  s o l i d  o r  o t h e r  p y r o l y s i s  products  t h u s  i n c r e a s i n g  t h e  
p r o b a b i l i t y  of d e t e c t i n g  pr imary s t r u c t u r a l  f ragments  of t h e  s o l i d  r a t h e r  than 
products  formed a s  a r e s u l t  of secondary r e a c t i o n s .  P y r o l y s i s  c o n d i t i o n s  can  be s e t  
where s e l e c t i v e  bond breakage occurs ,  such a s  t h e  r u p t u r e  of a l k y l  b r i d g e s  i n  c o a l .  

The coupl ing  of l a s e r  micropyro lys is  w i t h  mass s p e c t r o m e t r i c  d e t e c t i o n  of 
the  emi t ted  s p e c i e s  o f f e r s  a method of s t r u c t u r a l  a n a l y s i s  of  n o n v o l a t i l e  o r g a n i c  
s o l i d s .  

EXPERIMENTAL 

The l a s e r  micropyro lys is  mass spec t rometer  used i n  t h i s  i n v e s t i g a t i o n  is a n  
upgraded v e r s i o n  of  the  one used i n  prev ious  s t u d i e s  (1) .  The h e a t i n g  s o u r c e  used 
was a 0.1 J pulsed ruby l a s e r .  The l a s e r  ou tput  was focused by a 2X microscope 
o b j e c t i v e  l e n s  onto  the  s u r f a c e  of a po l i shed  c o a l  sample placed i n  t h e  i o n i z a t i o n  
chamber of a CVC 12-107 t ime-of-f l ight  mass spec t rometer .  The a r e a  t o  be pyrolyzed 
was s e l e c t e d  by viewing the s u r f a c e  through the  same o p t i c a l  system a s  used t o  
focus t h e  laser beam. The zone of p y r o l y s i s  ranges  between 10 and 200 D m  i n  
d iameter ,  the s i z e  being dependent upon the  power s e t t i n g  of t h e  l a s e r .  The h i g h l y  
l o c a l i z e d  h e a t i n g  a l l o w s  t h e  s e l e c t i v e  p y r o l y s i s  of i n d i v i d u a l  c o a l  macera ls  t o  be 
made. 

The p y r o l y s i s  products  formed by l a s e r  h e a t i n g  are ionionized  by a 500 n s  
pulse  of 18 ev e l e c t r o n s .  Mass r e s o l u t i o n  i s  accomplished by a c c e l e r a t i n g  t h e  i o n  
packet and measuring t h e  time of f l i g h t  of t h e  r e s p e c t i v e  ions i n  t h e  packet  o v e r  a 
g iven  d i s t a n c e .  The d u t y  c y c l e  of  t h e  spec t rometer  is governed by t h e  f l i g h t  t ime 
of t h e  h e a v i e s t  ion .  For t h e  work wi th  c o a l ,  a c y c l e  t i m e  of 5 0 ~  was s u f f i c i e n t  t o  
skan t o  mass 400. The major  modi f ica t ion  of t h e  micropyro lys is  mass spec t rometer  
was t h e  replacement  of t h e  osc i l loscope-  photographic  record ing  system w i t h  an 
u l t r a  h i g h  speed ana log  t o  d i g i t a l  c o n v e r t e r  (TRW model TDC 1007) coupled  t o  a 
s p e c i a l l y  designed cache memory which a l lows  t h e  d i g i t i z a t i o n  and s t o r i n g  of 32 
s e q u e n t i a l  s p e c t r a  over  a 1.6 m s  per iod.  A major d i f f i c u l t y  i n  a n a l y z i n g  t h e  
spectrum produced by.a s i n g l e  pulse  of a TOF spec t rometer  is t h a t  t h e  s m a l l  number 
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of ions  produced d u r i n g  a s i n g l e  i o n i z a t i o n  p u l s e  r e s u l t s  i n  a l a r g e  s t a t i s t i c a l  
v a r i a t i o n  in peak i n t e n s i t y  between s p e c t r a  of t h e  same m a t e r i a l  whether t hey  a r e  
taken success ive ly  o r  i n  d i f f e r e n t  experiments .  By t a k i n g  a s u i t e  of 32 s e q u e n t i a l  
s p e c t r a ,  computer ave rag ing  can be used t o  g r e a t l y  improve t h e  r e p r o d u c i b i l i t y  of 
t h e  spec t r a .  For t h e  a n a l y s i s  of coal  p y r o l y s i s  products  i t  was found t h a t  t h e  
optimum r e s u l t s  were ob ta ined  when t h e  a c q u i s i t i o n  of spec t r a  commenced a f t e r  t h e  
l a s e r  pulse.  During t h e  pe r iod  of l a s e r  i r r a d i a t i o n  t h e r e  i s  e x t e n s i v e  
fragmentat ion of t h e  p roduc t s  due t o  t h e i r  i n t e r a c t i o n  with t h e  l a s e r  beam. For a 
per iod of approx ima te ly  2 m s  a f t e r  t h e  l a s e r  is ex t ingu i shed  p y r o l y s i s  products  can 
be d e t e c t e d ,  by r eco rd ing  s p e c t r a . d u r i n g  t h i s  per iod a n a l y s i s  is confined t o  those 
s p e c i e s  being emi t t ed  from a h o t  coal  su r f ace .  

RESULTS AND DISCUSSION 

The s p e c t r a  f o r  t h e  s u i t e  of c o a l s  l i s t e d  i n  t a b l e  1 a r e  shown in f i g u r e s  
la and lb. Severa l  f a c t o r s  a r e  d i sce rned  in t h e  examinat ion of t h e  spec t r a .  The 
r e s o l u t i o n  of a mass spectrum is not s u f i c i e n t  t o  g i v e  u n i t  mass r e s o l u t i o n ,  what 
is  de tec t ed  is a s e r i e s  of mass c l u s t e r s .  These c l u s t e r s  a r e  numbered from 1 t o  15 
wi th  t h e  number being equ iva len t  t o  t h e  number of carbon o r  carbon p l u s  oxygen 
atoms t h a t  c h a r a c t e r i z e  t h e  s p e c i e s  con ta ined  in a g iven  c l u s t e r .  Tab le  2 l i s t s  
some of t he  most l i k e l y  s p e c i e s  t h a t  would account  f o r  each mass c l u s t e r .  

There is a h i g h  degree of s i m i l a r i t y  between t h e  p y r o l y s i s  s p e c t r a  of t h e  
d i f f e r e n t  c o a l s ,  t h e  major d i f f e r e n c e  being t h e  r e l a t i v e  i n t e n s i t i e s  and shapes of 
t he  mass c l u s t e r s .  Ana lys i s  of t hese  v a r i a b l e s  r e v e a l s  s e v e r a l  rank r e l a t e d  t r ends .  
Each mass c l u s t e r  encompasses a mass range. The l o c a t i o n  of t h e  c l u s t e r  is 
determined by t h e  number of carbon or carbon p l u s  oxygen atoms i n  the  p y r o l y s i s  
f ragments ,  w h i l e  t h e  wid th  of t h e  c l u s t e r  is determined by t h e  d i s t r i b u t i o n  of 
s p e c i e s  of va ry ing  d e g r e e s  of hydrogen s a t u r a t i o n  p lus  the occurrence of oxygen 
containing s p e c i e s .  These c h a r a c t e r i s t i c s  can be seen by examination of t he  dashed 
l i n e s  on f i g u r e s  la and lb which a r e  drawn a t  mass p o s i t i o n s  78 and 128, t hese  
masses r e p r e s e n t  one r i n g  and two r i n g  aromatic  s p e c i e s ,  benzene and napthalene.  
Both c l u s t e r s  6 and 10 over l ap  these mass l i n e s ,  i on  i n t e n s i t y  on the  h igh  mass 
s i d e  o f  t he  l i n e  is an i n d i c a t i o n  of hydroa romat i c i ty ,  t h e  ove r l ap  on t h e  h igh  mass 
s i d e  of the mass 128 l i n e  is g r e a t e r  than t h a t  of t he  78 mass l i n e  i n d i c a t i n g  t h a t  
hydronapthalene d e r i v e d  s p e c i e s  a r e  more p reva len t  t han  cyclohexane de r ived  
spec ie s .  I t  can a l s o  be seen t h a t  the high mass o v e r l a p  i n c r e a s e s  a s  rank dec reases  
and t h e  H / C  r a t i o  i n c r e a s e s .  The ove r l ap  of t h e  c l u s t e r s  on t h e  low mass s i d e  is 
i n d i c a t i v e  of t h e  f r e e  r a d i c a l  na tu re  of t he  p y r o l y s i s  products.  There is a gene ra l  
t r end  of en i n c r e a s e  i n  c l u s t e r  width t o  h e i g h t  r a t i o  as t h e  rank of t h e  c o a l  
dec reases  and t h e  H / C  and O/C r a t i o s  inc rease .  

The a r o m a t i c i t y  of t h e  p y r o l y s i s  p roduc t s  can be determined by examination 
of mass c l u s t e r s  6 and g r e a t e r .  For comparison the  a romat i c  mass reg ion  can be 
d iv ided  i n t o  two f a m i l i e s .  The f i r s t ,  c l u s t e r s  6,7,8 and 9, c o n s i s t s  of s i n g l e  r i n g  
s p e c i e s  plus  s i n g l e  r i n g  s p e c i e s  with 1,2 and 3 s u b s t i t u e n t  groups,  t h e  second 
f ami ly ,  c l u s t e r s  10,11,12 and 13, comprises t h e  same p a t t e r n  f o r  two r i n g  spec ie s .  
Examination of t h e s e  f a m i l i e s  r e v e a l s  t h a t  a l k y l  and hydroxy s u b s t i t u t e d  r i n g  
S t r u c t u r e s  a r e  more p r e v a l e n t  t han  u n s u b s t i t u t e d  r i n g  s t r u c t u r e s ,  i .e. .  c l u s t e r s  
7,8.9>6 and 11,12,13>10. A t r e n d  with rank is seen  wi th  the  s h i f t  of t h e  major 
c l u s t e r  in t h e  two r i n g  family.  In t h e  h ighe r  rank c o a l s ,  t h o s e  wi th  a v i t r i n i t e  
r e f l e c t i v i t y  g r e a t e r  t h a n  0.7 percen t ,  d i s u b s t i t u t e d  s p e c i e s ,  c l u s t e r  12, dominate 
the t w o  r i n g  region.  For t h e  lower rank c o a l s ,  t hose  wi th  a v i t r i n i t e  r e f l e c t i v i t y  
l e s s  than 0.7 p e r c e n t ,  t r i s u b s t i t u t e d  p roduc t s ,  c l u s t e r  13, a r e  the  major group i n  
t h e  region. T h i s  t r end  i n  a s h i f t  of t h e  major c l u s t e r  t o  p roduc t s  w i t h  a h ighe r  
degree of s u b s t i t u t i o n  as rank dec reases  i s  found as w e l l  in t h e  s i n g l e  r i n g  
family-  The d i s t r i b u t i o n  of c l u s t e r s  in t h e s e  two f a m i l i e s  i n d i c a t e s  t h a t  t h e  

L 
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process  of l a s e r  p y r o l y s i s  is s e l e c t i v e  i n  bond breakage. Bond rup tu re  Occurs 
predominately a t  t he  weaker a l i p h a t i c  l i nkages  a s  evidenced i n  t h e  much g r e a t e r  
abundance of  d i -  and t r i -  s u b s t i t u t e d  products .  The s t r o n g e r  a r y l - a l k y l  bond 
r e s u l t s  i n  a much lower c o n c e n t r a t i o n  of mono- and u n s u b s t i t u t e d  r i n g  fragments  
where a t  l e a s t  one a r y l - a l k y l  bond would have t o  be broken. 

Another t r end  t h a t  can  be observed i n  t h e  high mass r eg ion  i s  the  
appearance and i n c r e a s i n g  i n t e n s i t y  of c l u s t e r s  14  and 15 a s  rank dec reases ,  t h e  
inc rease  of t h e  H / C  and O / C  r a t i o s  wi th  dec reas ing  rank r e s u l t s  i n  a h ighe r  
p r o b a b i l i t y  o f  f i n d i n g  r i n g  s t r u c t u r e s  wi th  s u b s t i t u e n t  groups.  Although c l u s t e r  14 
would be the  f i r s t  p o s s i b l e  occurrence of t h r e e  r i n g  s t r u c t u r e s  the  f a c t  t h a t  
u n s u b s t i t u t e d  one and two r i n g  p y r o l y s i s  f ragments  have lower concen t r a t ions  than 
t h e i r  s u b s t i t u t e d  p roduc t s  would lend support  t o  t h e  conclusion t h a t  c l u s t e r s  14 
and 15 a r e  predominately h i g h l y  s u b s t i t u t e d  two r i n g  spec ie s .  For  t h e  case  of t h e  
lowest  ranked c o a l s  t h e  r e l a t i v e  i n t e n s i t y  of t h e  h igh  mass f ragments  r a p i d l y  
d imin i shes  l eav ing  one r i n g  s t r u c t u r e s  as t h e  major spec ie s .  

F u r t h e r  i n fo rma t ion  can be de r ived  from the  lower molecular  weight 
c l u s t e r s .  C l u s t e r  1 i s  due t o  water ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  methane O K  

methyl groups a r e  not  a major  product r e s u l t i n g  from l a s e r  p y r o l y s i s .  C l u s t e r  2 i s  
dominated by carbon monoxide and n i t r o g e n ,  s p e c i e s  p re sen t  as background gases  i n  
the  mass spectrometer  i n  a d d i t i o n  t o  being gene ra t ed  by the  p y r o l y s i s  process .  
A l i p h a t i c  fragments r e s u l t i n g  from c o a l  p y r o l y s i s  can be seen  i n  c l u s t e r s  3 ,4 ,5  and 
p a r t  of 6. C l u s t e r  3 shows a bimodal d i s t r i b u t i o n  i n  many of t he  spec t r a .  The low 
mass peak of t h i s  c l u s t e r  corresponds t o  potassium, mass 39. under c o n d i t i o n s  of 
l a s e r  h e a t i n g  potasium is the rma l ly  ion ized ,  g r e a t l y  i n c r e a s i n g  i t s  d e t e c t i o n  
s e n s i t i v i t y  (12).  The major fragment i o n s  f o r  t h e  C3-C6 a lkane  s e r i e s  would appear 
a t  masses 43. 57, 71 and  85. c l u s t e r s  3, 4, 5 and 6. For each of these  c l u s t e r s  
t h e r e  i s  l i t t l e  evidence of t h e  presence of t h e s e  i o n s ,  t h e  mass of major i n t e n s i t y  
f o r  each of t hese  mass c l u s t e r s  is lower by 2-4 mass u n i t s  i n d i c a t i n g  t h a t  t he  
a l k y l  f ragments  a r e  hydrogen d e f i c i e n t .  T h i s  hydrogen d e f i c i e n c y  i n d i c a t e s  t h a t  t he  
s p e c i e s  d e t e c t e d  tend t o  be unsa tu ra t ed .  In a d d i t i o n ,  i t  i s  l i k e l y  t h a t  thermally 
gene ra t ed  f r e e  r a d i c a l  f ragments  of t h e  p y r o l y s i s  p rocess  a r e  being de tec t ed .  
Add i t iona l  evidence f o r  t h e  d e t e c t i o n  of f r e e  r a d i c a l  s p e c i e s  can be seen  a t  a t  
mass l o c a t i o n s  78 and 128, t h e  dashed l i n e s  on f i g u r e s  la and lb .  A t  t h e  low 
i o n i z a t i o n  p o t e n t i a l s  used t o  o b t a i n  these  s p e c t r a  t h e  major i o n  peak f o r  benzene 
and napthalene would be t h e i r  molecular  i on  a t  mass 78 and 128 r e s p e c t i v e l y .  
However i n  t h e  c o a l  p y r o l y s i s  s p e c t r a  t h e  peaks a s s o c i a t e d  w i t h  these  s p e c i e s  
appears  on t h e  low mass s i d e  of t h e s e  assignments  i n d i c a t i n g  t h a t  benzyl and 
napthyl  f r e e  r a d i c a l s  a r e  being de tec t ed .  The most l i k e l y  o r i g i n  of t he  low 
molecular  weight hydrocarbon c l u s t e r s  i s  from a l k y l  a romat i c  l i n k a g e s  and t h e  
f r agmen ta t ion  of hydroaromatic  s t r u c t u r e s .  

CONCLUSION 

Under t h e  c o n d i t i o n s  used f o r  l a s e r  mic ropyro lys i s  of c o a l ,  primary 
products  i nc lud ing  f r e e  r a d i c a l  s p e c i e s  emanating from a heated c o a l  s u r f a c e  can be 
de t ec t ed .  By minimizing secondary condensat ion o r  c rack ing  r e a c t i o n s  t h e  complexity 
of c o a l  p y r o l y s i s  product  a n a l y s i s  i s  g r e a t l y  reduced. The p y r o l y s i s  mass s p e c t r a  
of t h e  v i t r i n i t e  p o r t i o n  of a s e r i e s  of c o a l s  has  shown t h a t  a s  t h e  degree of 
c o a l i f a c t i o n  changes t h e r e  i s  a cont inuous v a r i a t i o n  i n  t h e  r e l a t i v e  d i s t r i b u t i o n  
of a small number O f  pr imary c o a l  p y r o l y s i s  products.  These p y r o l y s i s  products  tend 
t o  i n d i c a t e  t h a t  t h e  p r i m i t i v e  s t r u c t u r e s  found i n  c o a l  c o n s i s t  most ly  of one and 
two r i n g  a romat i c  and hydroaromatic  groups l i nked  by s h o r t  a l i p h a t i c  br idges.  
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C l u s t e r  I 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13 

1 4  

15 

TABLE 2 

CHEMICAL ASSIGNMENTS FOR MASS CLUSTERS 

Mass Range 
m/z t o  m l z  _-- 
15 -- 18 

28  -- 34 

39 -- 44 

55 -- 58 

65 -- 72  

17  -- 8 6  

9 1  -- 96 

105 -- 110 

119  -- 124 

128  -- 134 

1 4 1  -- 1 4 6  

155 -- 160 

166  -- 1 7 2  

1 7 8  -- 186 

1 9 2  -- 1 9 6  

C h e m i c a l  I d e n i t i f i c a t i o n  

CH3. CH4, and  H 0 

C a l k a n e s  and  a l k e n e s ,  N 2 ,  CO, C 0 2 ,  and  H2S 

C a l k a n e s  and  a l k e n e s ,  K+, and  C 0 2  

C a l k a n e s  and  a l k e n e s ,  and  k e t o n e s  

C a l k a n e s  and  a l k e n e s ,  and  d i e n e s  

C6 a l k a n e s ,  c y c l o a l k a n e s ,  a l k e n e s  and  

2 

2 

3 

4 

5 

b e n z e n e  

M e t h y l  b e n z e n e s ,  p h e n o l s  and  c y c l o a l k e n e s  

D i m e t h y l ,  h y d r o x y  m e t h y l  and d i h y d r o x y  
b e n z e n e s  

A l k y l  and h y d r o x y - a l k y l  b e n z e n e  and  i n d a n s  

N a p h t h a l e n e ,  h y d r o x y - a l k y l  b e n z e n e  and 
d i h y d r o n a p h t h a l e n e  

M e t h y l  and h y d r o x y  n a p h t h a l e n e  and  c y c l o -  
a l k a n e s  

A l k y l  and  h y d r o x y - a l k y l  n a p h t h a l e n e s  and  
t e t r a l i n s  

A l k y l  and  h y d r o x y - a l k y l  n a p h t h a l e n e s  and 
f l u o r e n e s  

P h e n a n t h r e n e s ,  a n t h r a c e n e s  and  a l k y l  
n a p h t h a l e n e s  

A l k y l  p h e n a n t h r e n e s  and  a n t h r a c e n e s  
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